Background: The aim of the present study is to propose a subject-specific biomechanical control model for the estimation of active cervical spine muscle forces. Methods: The proprioception-based regulation model developed by Pomero et al. (2004) for the lumbar spine was adapted to the cervical spine. The model assumption is that the control strategy drives muscular activation to maintain the spinal joint load below the physiological threshold, thus avoiding excessive intervertebral displacements. Model evaluation was based on the comparison with the results of two reference studies. The effect of the uncertainty on the main model input parameters on the predicted force pattern was assessed. The feasibility of building this subject-specific model was illustrated with a case study of one subject. Findings: The model muscle force predictions, although independent from EMG recordings, were consistent with the available literature, with mean differences of 20%. Spinal loads generally remained below the physiological thresholds. Moreover, the model behavior was found robust against the uncertainty on the muscle orientation, with a maximum coefficient of variation (CV) of 10%. Interpretation: After full validation, this model should offer a relevant and efficient tool for the biomechanical and clinical study of the cervical spine, which might improve the understanding of cervical spine disorders.
Introduction
Cervical spine musculature plays an important role in maintaining head-neck equilibrium and stability and in preventing intervertebral joint lesions (Lecompte et al., n.d.; Panjabi et al., 1998; Rousseau et al., 2008) . Indeed, spinal instability is related to excessive intervertebral displacements, which induces pain. To limit these displacements, the nervous system controls the spinal musculature (Panjabi, 1992a (Panjabi, , 1992b Panjabi et al., 1989) . Thus, abnormal muscle behavior may be an explanatory factor of the etiology of neck pain and cervical spine disorders (Alpayci et al., 2016; Cheng et al., 2014; Falla et al., 2007; Fernández-de-las-Peñas et al., 2008) . Furthermore, the developmental mechanisms of surgical complications are not yet fully understood, particularly adjacent segment disease (ASD) and proximal junctional kyphosis (PJK), which might induce a secondary compensation at the level of the cervical spine. Abnormal spine loading and muscular dysfunction could be an issue. Therefore, quantifying the spinal muscle force distribution and the corresponding intervertebral joint load in different configurations could provide valuable information for a biomechanical and clinical evaluation of the patient (Choi, 2003; Moroney et al., 1988a) . However, multiple muscle systems are difficult to model because of the well-known redundancy problem, i.e. for any given configuration a multitude of muscles can be recruited (Bernstein, 1967) , and because of the limitations of the available measurement techniques.
Various models have been developed to face this issue, including mechanistic models using rigid cables simulating the muscles (Kettler et al., 2002) , optimization models based on the mathematical optimization of a cost function considering muscle stresses or energy expenditure (Chancey et al., 2003; Han et al., 1995; Moroney et al., 1988a; Stokes and Gardner-Morse, 1995) and EMG-assisted optimization models adopting a direct relationship between muscle or joint forces and EMG data (Cholewicki et al., 1995; Lo Martire et al., 2017) . The proprioception-based regulation model, originally developed for the lumbar spine, with the assumption on the core control strategy that muscles prevent spinal joint overloading and limit intervertebral https://doi.org/10. 1016 /j.clinbiomech.2017 .12.001 Received 16 February 2017 Accepted 3 December 2017 displacement to protect spine and spinal cord (Panjabi, 1992a; Panjabi et al., 1989) , yields physiologically and mechanically consistent results, independently from EMG measurements. This promotes building such a model from clinical image data (Pomero et al., 2004) .
The aim of the present study was to propose a subject-specific proprioception-based biomechanical control model to estimate the cervical spine muscle forces. The results reported in two reference studies were used to evaluate the consistency of the model predictions.
In order to progress towards the use of this model in a clinical context, the robustness of the model against the uncertainty on the main model (caption on next page) parameters was quantified and the feasibility of generating this subjectspecific model was assessed with a case study based on one subject.
Methods

Model description
2.1.1. The proprioception-based muscle regulation model The biomechanical muscle control model for the lumbar spine described earlier (Pomero et al., 2004) , was adapted to the cervical spine. The model assumes that the spinal musculature protects the spine and the spinal cord by maintaining the intervertebral joint load below the physiological limit, thus preventing the excessive displacement of a vertebra with respect to the subjacent one (Panjabi, 1992a; Panjabi et al., 1989) .
The most important model features are detailed hereafter. Let the six-component wrench (generalized forces and moments, e.g. (Dumas et al., 2004) ) JL represent the intra-articular load, i.e. postero-anterior shear, medio-lateral shear, compression, lateral bending moment, flexion moment and torsion moment. The six-component wrench TH describes the corresponding physiological joint load thresholds and F M the resultant load generated by the muscles, which also contains six components. The six-component wrench NetFM represents the net reaction load. From the free-body diagram, the following equation describing mechanical equilibrium can be derived:
In case JL remains below TH, the need for muscular activity is limited and an energetically economical equilibrium is installed. However, when JL i /TH i > 1 for a given load component i, spinal overloading is imminent. Muscles are to be activated (F M ≫ 0) to ensure mechanical equilibrium and to lower the intervertebral load to physiologically acceptable levels.
This activation strategy is defined in a closed-loop control process. At each iteration, a "regulation request", determined by the JL/TH ratio, is evaluated. Based on this regulation request, the excitation and activation levels of the agonist and antagonist muscles are calculated, from which F M can be derived. JL can then be updated and compared again with TH. The control loop is ended as soon as JL drops below TH or a minimum is reached.
Muscle regulation request function
The regulation request grossly mimics the functioning of the neuromuscular system, i.e. progressively prompting the muscles to act when the intervertebral joint load JL approaches the physiological Fig. 1 . Three different interpretations of the agonist and antagonist activation as function of the input command, i.e. the ratio between the net reaction moment and the maximum moment for flexion (0 to 1) and extension (0 to -1), as adapted from Zhou et al. (1996) . In configuration a, the antagonist vs. agonist behavior can be described by a single parameter 'gain', representing the ratio between the antagonist and agonist activation. In configuration b, the parameter 'overlap' determines the antagonist vs. agonist behavior. 'Overlap' represents the percentage of the net reaction to maximum moment ratio at which the agonist and antagonist muscle are both active. In flexion, for instance, the antagonist muscle stays active up to 'overlap', where it reaches zero activity. In full flexion, the only active muscle is the agonist. Configuration c is essentially a combination of configurations a and b. The agonist and antagonist muscles are both active in full flexion (or full extension). The ratio of their activities is given by 'gain'. Because of the 'overlap', the activity of the antagonist muscle never reaches zero, even at low agonist input commands. This configuration was chosen for this study. The two other parameters 'S' and 'G coact ' are used internally in the closed-loop control process and cannot be visually represented. 'S' defines the antagonist sensitivity, i.e. the value above which a muscle is considered antagonist and 'G coact ' is a coefficient defining the relative level of agonist-antagonist coactivation. Fig. 2 . From the MRI and biplanar X-ray data, a 3D reconstruction of the cervical spine, the external envelope and the muscles can be obtained. This enables the calculation of the geometric parameters of the muscles in the plane of the IVD of interest, here C5-C6. 
where α is an arbitrarily defined amplification constant.
Agonist muscle activation
MRC ij represents the capacity of the j'th muscle to regulate the i'th joint load component and is determined by the muscle's line of action and moment arm. This 6 by N matrix, with N the number of muscles, is multiplied with Y i to obtain the excitation level of the agonist muscles. Passing this value through a positive sigmoid function yields the agonist muscle's activation MA j Ag , with values ranging from 0 (not activated) to 1 (fully activated).
Antagonist muscle activation
For a given external load component, muscle pairs are considered agonist-antagonist when their lines of action are opposed, with a sensitivity S. For each muscle j, the antagonist muscle activation MA j Antag can then be calculated from the corresponding agonist muscle activation MA j Ag , considering a certain level of coactivation G coact and a general antagonist law adopted from Zhou et al. (1996) , fully determined by two parameters overlap and gain, (see also Fig. 1c ).
Muscle force computation
The agonist and antagonist activations are calculated in parallel and are summed to form the global activation matrix MA. To calculate the individual muscle forces, MA j is multiplied with the muscle's maximal admissible stress σ j muscle and its cross sectional surface area CSA j :
By inserting F M into Eq. (1), JL can be updated. The above described routine was programmed in Simulink R2014b (The Mathworks Inc., Natick, MA, USA).
Synthesis
This proprioception-based model is able to estimate, independently from EMG recordings, the muscle force distribution and the corresponding joint load at a certain vertebral level. As an input, the following mechanical and geometrical information on the intervertebral joint and the muscles under study are required. For each muscle, the cross sectional surface area, the moment arm with respect to the joint center, the direction vector and the maximal admissible stress are to be obtained. Also, the external load expressed in the local reference frame of the intervertebral joint is a necessary input, as well as the corresponding physiological load threshold.
Model evaluation
To evaluate the model consistency, the predictions were compared with the results described in Moroney et al. (1988a) and Choi (2003) . Moroney et al. (1988a) choose an optimization strategy to estimate the muscle activation pattern and correlated their results with in-vivo EMG data. Choi (2003) used an EMG-based hybrid model (Choi, 2003) . The estimated muscle forces were compared in left twist, left bending, extension and flexion with the same input parameters as used in these studies.
Model robustness and sensitivity study
To progress towards a subject-specific model, built from medical image data, the propagation of the uncertainty on the model input data through the model was quantified.
The muscle's geometrical characteristics, its centroid location, its line of action and its CSA, are obtained from MRI and biplanar X-ray data. With few available slices, the calculation of the muscle's line of action might be inaccurate. In a Monte Carlo analysis, a random error of maximally ± 7.5°was added to the direction cosines, the propagation of which was monitored throughout 1500 simulations.
The influence of the antagonist law parameters (S, G coact , gain and overlap) and the physiological intra-articular load thresholds (TH), on the muscle force estimation was assessed in a correlation analysis and a full factorial study. Random pseudo-normal distributions were defined for the antagonism sensitivity S (ranging from 0 to 0.3), the antagonist coactivation G coact (with values between 0 and 0.4), the co-contraction gain (limited between 0 and 0.4) and the overlap (in the range of 0 and 1). In each of the 2000 simulations, each parameter was randomly sampled from their respective populations.
In accordance with the literature, the joint load threshold values TH i for postero-anterior shear, medio-lateral shear, compression, flexion/ extension moment, lateral bending moment and axial rotation moment were set respectively to 50 N, 50 N, 1000 N, 3 Nm, 3 Nm and 3 Nm (Moroney et al., 1988b; Panjabi et al., 1986; Voo et al., 1998; Yoganandan et al., 2001) . To assess the effect of the load threshold values on the model outcome, six series of 20 simulations were performed with six different values for the compressive load threshold, i.e. 200 N, 500 N, 1000 N, 1500 N, 2000 N and 2500 N. In each series, the threshold values for the other five load components were varied from 10% to 200% of their initial values.
The geometrical data and the data regarding the external load were obtained from Moroney et al. (1988a) . A resisted left twist was modeled with a focus on the C4/C5 intervertebral joint.
Model feasibility: a case study
The feasibility of building the subject-specific model is assessed with a case study based on MRI and biplanar X-ray data of one asymptomatic patient (male, 26 years, 65 kg, 1.77 m, BMI 20.8). The MRI data was recorded with a 1.5T Philips Achieva MRI system (Philips Medical Systems, Koninklijke Philips N.V, Amsterdam, The Netherlands) with the patient lying down in the head first -supine (HFS) position. Biplanar sagittal and frontal X-rays were taken with an EOSsystem (EOS imaging SA., Paris, France) with the patient standing upright.
The 3D geometry of 19 cervical spine muscles was reconstructed semi-automatically from the MRI data (Jolivet et al., 2008; Li et al., 2014) . The muscle geometry was transferred from the lying to the erect posture via the Kriging method (Trochu, 1993) , as described earlier for the lower limb (Hausselle et al., 2012) . The muscle CSA's, lever arms and direction cosines were calculated at the level of the C5/C6 intervertebral disc (IVD) plane. The process is visually represented in Fig. 2 .
The erect posture was modeled considering the mass of the head and the neck segment superior to the C5/C6 IVD plane. These body segment masses were calculated using barycentremetry based on subject-specific volume data and generic density data (Dempster, 1955) . The resultant load was expressed in the reference frame of the C5/C6 IVD plane.
Results
For the 3625 simulations performed during this study, the model always fully converged towards a solution, which was obtained in less than 5 s on a regular desktop computer (3.4 GHz i5 CPU and 4Gb RAM).
Model evaluation
The numerical intervertebral joint load in relation to the physiologically acceptable threshold values and the results published in Moroney et al. (1988a) are listed in Table 1 , for each of the four evaluated configurations (left twist, left bending, flexion and extension). The predicted joint loads remained below the threshold values, except for the postero-anterior shear component in left twist and the postero-anterior shear as well as compression components in extension. The joint force amplitudes presented in this study were generally lower than or equal to the values reported by Moroney et al. (1988a) , with differences ranging from −70% to 0%. The model predicted higher force amplitudes in extension and to a lesser extent flexion.
The predicted muscle forces for each of the four configurations in relation to those reported by Moroney et al. (1988a) and Choi (2003) are shown in Fig. 3 .
Globally, the muscle forces predicted by the current model were lower than or equal to the muscle forces obtained by these authors.
Relative comparison with the results reported by Moroney et al. (1988a) shows that the differences do not exceed 15%, except for five out of the 28 considered muscles in the left twisted configuration (i.e. the right infrahyoid, the left and right levator scapulae muscles and both semispinalis muscles) and for seven muscles in the left inclined configuration (i.e. the right infrahyoid, both sternocleidomastoideus muscles, the two semispinalis capitis muscles and the left and right trapezius muscles).
The muscle activation pattern reported in this study agreed with the one Choi (2003) obtained with an EMG-based hybrid model. Moreover, the predicted force amplitudes were lower in left bending and flexion and similar in extension.
Robustness study
The mean value and the standard deviation for each intervertebral load component, predicted by the model in the 1500 simulations considering a random error on the muscle's direction cosines, are presented in Table 2 . The maximum coefficient of variation (CV) was obtained for the medio-lateral shear force (− 10%) and the lateral bending moment (8.9%).
Sensitivity study
The results of the correlation analysis between the parameters defining the antagonist law and each of the predicted intervertebral load components are summarized in Table 3 . The highest correlation coefficients were found for G coact (ρ ≥ 0.43), while the lowest were noted for gain (ρ ≤ 0.13). The effect of varying the intervertebral load threshold values on the predicted postero-anterior shear forces, compression forces and axial torsion moments, i.e. the result of the full factorial analysis, is illustrated in Fig. 4 . Adjustment of the compression threshold from 200 N to 500 N impacted all intervertebral joint load components. However, increasing the compression threshold above 500 N did not yield a significant change in joint forces. For example, the postero-anterior shear force decreased from 24.2 N to 22.5 N and from 22.5 N to 22.3 N, with the compression threshold increasing from 200 N to 500 N and from 500 N to 2500 N, respectively. Adjusting the threshold values of the five other load components from 10% to 200% of their initial value, had a more significant effect. For a given compression threshold of 1000 N, the postero-anterior shear force, for instance, increased from its initial value of 22.4 N to 28.5 N when the threshold values were doubled, and decreased to 15.1 N when the threshold values were halved. Doubling the threshold values leads to relatively small changes in muscle forces and force distribution, while halving the threshold values yields a different muscle activation pattern and higher muscle forces, as illustrated in Fig. 5 . 
Discussion
The aim of the present study was to propose a subject-specific proprioception-based control model for the cervical spine. As such, this study provides an alternative methodology to estimate the active muscle forces for a specific configuration and a specific subject, based on biplanar X-ray and MRI data and independently from EMG-recordings.
Although the importance of the muscular system in ensuring spinal stability and injury prevention has often been confirmed (Falla et al., 2007; Fernández-de-las-Peñas et al., 2008) , most studies focused on the lumbar spine. Few authors investigated the behavior of the cervical spine muscular system (Bernhardt et al., 1999; Choi, 2003; Kettler et al., 2002; Moroney et al., 1988a) .
To solve the muscle redundancy problem, optimization techniques and EMG-driven methods are generally used (Cholewicki et al., 1995; Han et al., 1995; Moroney et al., 1988a; Stokes and Gardner-Morse, 1995) . Validation of these numerical strategies remains an issue, since muscle forces cannot be measured in-vitro or in-vivo. EMG provides a trustworthy indication on the muscle activity of the most superficial muscles, but not necessarily allows the quantification of muscle forces, since the relationship between muscle activity and force should be treated with caution (Hof, 1997 (Hof, , 1984 .
The proprioception-based control model changes the paradigm by assuming that the muscular system will act only to protect the spinal joints, i.e. to prevent excessive joint loads and intervertebral displacements, which is naturally a primordial constraint in the cervical spine. This hypothesis on the neuromuscular control, detailed for the first time by Panjabi (1992a Panjabi ( , 1992b , could be confirmed experimentally in-vitro (Kettler et al., 2002; Panjabi et al., 1989; Wilke et al., 1995) . Its applicability in-vivo could be proven as well, based on EMG-data (Cholewicki and McGill, 1996) . Pomero et al. (2004) proposed this control model to predict the muscle force distribution in the lumbar spine. Given the geometrical and functional similarities between the cervical and lumbar spine, the model also applies to the cervical spine, provided that the model parameters are adjusted appropriately.
The comparison with the results obtained with optimization and EMG-assisted optimization techniques, showed that this proprioception-based control model generally predicted lower muscle forces and a lower intervertebral joint load for the cervical spine. One could argue that a more efficient configuration is obtained, which might be preferable from a physiological point of view. The same observation was made by Pomero et al. (2004) for the lumbar spine. This behavior can be explained by the fact that the model distributes the regulation request, defined by the external load and the intervertebral joint load threshold, among the different muscles, based on their direction and cross-sectional surface area instead of using a more theoretical and global optimization technique.
In all four modeled configurations, the predicted muscle forces resembled the estimations reported by Moroney et al. (1988a) . For few muscles differences of up to 15% were found. The higher differences noted for, among others, the sternocleidomastoideus and the infrahyoid muscles can be ascribed to the lack of an explicit consideration of antagonist activation in Moroney's optimization model. Moreover, the predicted activation patterns were very similar to those obtained by Choi (2003) with an EMG-assisted optimization, thus confirming the plausibility of the current model. On the other hand, the results reported by Choi (2003) in the left bended and flexed configuration were clearly higher than those described here. This might be because Choi (2003) used EMG data to provide a first muscle force estimation, which was then further optimized. In the extended configuration, the recorded EMG signals are probably more uniformly distributed among the activated muscles, which is not the case for the other two asymmetrical configurations. The effect of the EMG-related coefficients on the optimization process might thus be less significant.
It should be acknowledged that the current model has its limitations. As in the models described in literature, the influence of the passive elements, i.e. the external envelope, the muscle fascia and the ligaments, is not taken into account. This might explain the model behavior in extension, in which the physiological thresholds were not respected. Supplementary work is in progress to include these passive elements in the analysis.
Muscular activity is primordial to maintain the mechanical stability of the spine (Bergmark, 1989; Cholewicki et al., 1995; Panjabi, 1992a) . By explicitly modeling, albeit in a simplified manner, the agonist-antagonist interplay, based on Zhou et al. (1996) , the concept of mechanical stability was integrated. Furthermore, even in cases where JL remains below TH, certain agonist and antagonist muscles were activated, due to the definition of the antagonist law, which never reaches zero (see also Fig. 1c) , and of the regulation request function. However, supplementary constraints might be considered to enable the full integration of mechanical stability.
Although it has been shown that asymmetric configurations are necessary in some cases, a symmetric agonist vs. antagonist behavior was assumed in this study (Zhou et al., 1996) . An asymmetric antagonist law might be more adapted when considering mechanical stability.
The third main limitation of this proprioception-based approach is the lack of background data on the model parameters, particularly the physiological load thresholds. Yoganandan et al. (2001) found that cervical intervertebral disc failure occurs under compression forces ranging from 602 N to 910 N. Voo et al. (1998) on the other hand, reported higher compression force limits: mean 1275 N (SD 292 N). Moroney et al. (1988b) found that cervical disc segments failed both in flexion and extension at moments of around 3.40 Nm. To the authors' knowledge, the shear force limits are not yet explored in literature. Only Panjabi et al. (1986) studied the cervical mobility under a maximal shear load of 50 N, but no basis was provided for this value. The threshold values used in this study do not correspond to injury, but rather to a physiological limit, above which muscular regulation is necessary.
Nevertheless, the sensitivity analysis revealed that the intervertebral joint load threshold markedly affected the model outcome, which is consistent with its functioning, since at each iteration the outcome is weighted against the load threshold value. Decreasing the threshold value decreases postero-anterior shear, but increases compression forces. This means that the muscle activation strategy depends on the status of the intervertebral joint, which might vary in time and from one subject to the other. In situations in which clinical instability was established (i.e. a decreased spinal rigidity) the intervertebral load threshold might be lower. This can induce higher muscle forces, resulting in higher intervertebral compression forces. Furthermore, with poor muscle quality, the situation might be even more acute.
As could be confirmed by the case study, the biggest strength of this proprioception-based control model is its ability to provide physiologically relevant muscle forces and intervertebral joint load, independently from EMG recordings, by combining biplanar X-ray and MRI data. It was also shown that the model behavior was robust to the potential uncertainty on the muscle's direction cosines, calculated from this medical image data. The random error added to the direction cosines did not yield a significantly different intra-articular load or muscle force distribution. After an extensive validation on a representative test population, the proposed model might facilitate the biomechanical and clinical evaluation of the patient.
